Hydrated pastes of ordinary Portland cement prepared with different water-to-cement ratios were investigated by using the small-angle neutron scattering technique in the region of Q ∈ (0 0045 0 11) Å −1 . Samples of cement pastes were subjected to non-standard hydration conditions using a mix with D 2 O, low RH, and water-to-cement ratios spread over a very wide interval (0.4; 1.4). The investigation was focused on testing the structural stability of nano-metric particles in the cement C-S-H gel. Owing to the high structural stability of these nano-particles, their average diameter might be used as a microscopic parameter characterizing the nano-metric structure of C-S-H gels. The average diameter of the nano-particles of the studied ordinary Portland cement CEMI 42.5 R-SC was found to be close to the value of 4.2 nm and independent of the water-to-cement ratios. 
Introduction
The cement-based materials are characterised by their complex inner structures, which has been the subject of basic research for many decades. The advent of techniques capable of exploring details in nano-structures has revealed new properties in the structural arrangement of * E-mail: ficker.t@fce.vutbr.cz (corresponding author) these materials and has simultaneously created new questions and challenges.
The goal of this paper is to extend our previous short communication [1] concerning the nano-structure of the C-S-H gel, which is the main binding component of the cement-based materials. The present contribution brings additional data which corroborates the previous results [1] concerning the mechanical stability of the cement C-S-H gel nano-particles.
SAS technique
Investigation of the structure of cement-based materials, especially hydrated pastes, using the SAS technique, i.e. SAXS (Small-Angle X-ray Scattering) and SANS (SmallAngle Neutron Scattering) started in the last century. One of the oldest papers dealing with specific surfaces of hydrated cement paste by SAXS is the paper by Winslow and Diamond [2] published in the early 1970s. At that time, the fractal structural concept of solids was not widely known, and therefore not frequently used. However, ten years later in the 1980s a variety of fractal applications were appearing in many branches of science and technology including the field of cement-based materials. Again it was Winslow [3] in 1985 who realized that the fractal concept is a unique tool for investigation of such complex systems as the hydrated cement materials. He employed fractal geometry to analyze SAXS data measured with samples of hydrated cement pastes with different waterto-cement ratios (0.3, 0.4, 0.6). Although the data was ascribed only to a surface fractal with high irregularity, their closer inspection suggested that both volume and surface fractals should be considered. Such an interpretation was later incorporated by Winslow, Bukowski and Young in their notable work [4] studying dependence of the fractal nano-structural arrangement of hydrated cement paste on water content. The work showed that the fractal surface of pores of hydrated cement paste is relatively stable and not too sensitive to changes in moisture, whereas the volume fractal structure of the same paste experiences changes in its nano-arrangement. This was documented by changes in the fractal dimensions of the volume fractal structure.
The porosity of hydrated cement structures was studied [5] using the SANS technique in the early 1980s. A fine nano-structure was observed with the characteristic features of 5nm in size and the authors interpreted them as the gel pores. Five years later, this interpretation was revised [6] and the concept of volume fractal structure was applied with the 5 nm basic nano-globules. The nanoglobules were supposed to be aggregated into volume fractal clusters with a fractal dimension D ∼ 2 5 and with an average size of about 40 nm. Unfortunately, the authors did not discuss the second recorded fractal region with the dimension D ∼ 2 8 that belonged to the surface fractal. At that time the concept of surface fractals was introduced by Bale and Schmidt [7] when analyzing the surface of pores of lignite. Nevertheless, in a further work [8] the authors improved the interpretation of cement SANS data and included the concept of surface fractals as well. In that paper, surface and volume fractals were used for assessing effects of silica fume additives upon the development of the microstructure of cement-based materials. There are many other papers in which the SANS technique explores a variety of problems concerning the microstructure of cement materials and ceramics [9] [10] [11] [12] [13] .
In this short survey of works employing the SAS technique in cement and concrete material science it is necessary to mention the collection of papers by Häußler and his collaborators. In addition to papers [14] [15] [16] [17] [18] [19] [20] [21] [22] , which deal with various aspects of the fractal nano-structure of C-S-H cement gel, they also published a series of papers [23] [24] [25] [26] concerning the structure of cement paste hydrated under influence of carbonation. This is especially relevant from the viewpoint of technological practice since concrete structures are exposed to a long-lasting action of carbon dioxide present in normal air during their service life, and this has negative consequences for structural durability and strength.
The fractal structure of cement materials has been observed not only by means of SAS techniques but also in many other experiments. Some papers [27] [28] [29] [30] , based on the nuclear magnetic resonance (NMR), have indicated the fractal nature of C-S-H gel, as does the protoninduced X-ray emission (PIXE) [31] which recorded the fractal dimension of C-S-H gel in good agreement with the values determined by SANS [6] and NMR [32] . There are also some methods utilizing the fractal image analysis of the surface of cement materials. One of these methods employs the scanning electron microscope (SEM) [33] whereas another experimental modification [34] prefers the digital processing of fracture surfaces of hydrated cement samples.
Nowadays, thanks to extensive experimental evidence, there are no doubts about the fractal nano-structure of hydrated cement materials. On the basis of fractal geometry some conceptual works [35, 36] are directed towards developing a more general theory which would encompass various problematic features and phenomena concerning hydrated cement structure and form a fully quantitative discipline rather than a descriptive one.
Research objectives
One of the pressing questions related to fractal nanostructure of cement materials is concerned with basic nano-particles which form the solid C-S-H 1 cement gel. Previous SANS studies [6, 8, 13] repeatedly highlighted their basic building role in forming the gel nano-structure. Although their existence is experimentally well evidenced, their own inner structure and properties remain almost un-explored. This is because a straightforward examination of objects on the sub-nanometric scale is very difficult and for the majority of experimental techniques, even inaccessible. Detailed information on these nano-particles can therefore largely be obtained only indirectly using deductive methods [13] .
There are some indications [37] that cement nano-particles show a certain stage of structural stability when exposed to sulphate attack or γ-irradiation. On the other hand, little is known about their stability when varying parameters such as water-to-cement ratio (w/c) or moisture content. Since characteristic sizes of nano-particles of cement gel hydrated under certain laboratory conditions are known [5] , it was possible to utilise a comparative study [1] imposing non-standard hydration conditions upon the samples to check some differences in sizes of the nano-particles.
The exploration of the nano-particles in the hydrated Portland cement gel is important since they form the basis of the gel microstructure which is significant in determining the mechanical strength of hydrate cement systems. So far only very limited information has been available about the properties of these gel particles.
The main goal of this paper is to present additional data that supports the results of the previous study [1] , which investigated the influence of some factors (w/c, RH) on the structural stability of the cement nano-particles.
Conditioning of samples at low relative humidity represents a relevant factor causing structural changes since water molecules are important parts of the C-S-H gel microstructure. Their reduction or removal from the gel is accompanied by a space rearrangement of the gel nanoparticles. It is not clear whether such a space re-grouping can also influence the particles themselves -e.g. their average diameter. This question shell be discussed by the present study as well.
The hydration of the investigated samples was realised by means of heavy water (D 2 O). It is supposed that D 2 O does not fundamentally change the microstructure of the gel but, on the other hand, there may be some variations in the levels of hydrated products as compared with the hydration using H 2 O.
The previous SANS investigation [5] indicated moderate differences in sizes of the particles caused by different physical conditions set for hydration reactions. Unfortunately, the investigation was based on four samples only, each of which was subjected to different hydration conditions. Since the C-S-H gel has a disordered and almost amorphous structure which is formed largely stochastically, it is necessary to employ a statistical analysis based on averaging over a larger set of samples. This requires more than one sample prepared under the same hydration conditions. Only then could the comparison of averaged sizes provide more objective information on the structural stability of the cement gel nano-particles.
Experimental details
In this study the structural stability of C-S-H nanoparticles is tested by using the SANS technique. Twentyfour samples of hydrated cement paste were divided into six groups according to their w/c ratios: 0.4, 0.6, 0.8, 1.0, 1.2, and 1.4. The three of these groups (0.4, 0.8 and 1.4) have been adopted from the previous communication [1] whereas the remaining three groups (0.6, 1.0 and 1.2) were newly processed and represent an original contribution to the studied problem.
The samples were prepared from ordinary Portland cement CEMI 42.5 R-SC of domestic provenance. The cement powder was mixed with heavy water (D 2 O) to ensure a better signal-to-noise ratio. For this reason we should speak about C-S-D rather than C-S-H gel but in the further text the commonly used term C-S-H will be preferred. With the samples of higher w/c ratios (w/c 0 6) a small addition (0.8% by weight) of 2-hydroxyethyl cellulose was added to facilitate homogeneity and stable values of w/c ratios. Such a small amount of the additive should not significantly change the scattering properties of the samples.
The pastes were mixed and after attaining a convenient consistency they were placed into special foil cells which determined the sample thickness of 0.12 mm. The cells remained open and were kept at 100% RH for 26 days close to the level of heavy water in the desiccators. After 26 days the samples were conditioned at 30% RH (D 2 O vapours) and then hermetically closed within their foil cells which ensured a stable 30% RH environment. The influence of carbonation on properties of the samples was discussed previously [1] .
After this treatment the samples were tested on the SANS diffractometer in the Budapest Neutron Centre. The SANS diffractometer was used in two configurations having identical sample-to-detector distances = 5 6 m but different wavelengths λ 1 = 3 86 Å and λ 2 = 14 96 Å. The experiments were performed at normal ambient conditions. The SANS measurements provide dependences with intensity I of scattered neutrons on the scattering parameter Q = 4π sin(α)/λ, where 2α is the angle of scatter and λ is the de Broglie wavelength of neutrons. From the scattering curves I(Q) the micro-structural properties are inferred. The theoretical background of the SANS method was described elsewhere [1] .
Discussion of results
Twenty-four samples have been tested by the SANS technique in the interval Q ∈ (0 0045 0 11) Å −1 . Variations of moisture or w/c ratio within the fractal cement structure cause structural changes that put heavy demands on the stability of nano-particles which represent the basic building blocks of these structures. The corresponding scattering curves I(Q) in the form of the Guinier plots [1] Assuming a spherical shape of nano-globules, which is usual with SAS measurements of cement C-S-H gel particles, the characteristic radius R ≈ √ 5/3 R with our samples would be about 21 Å and the corresponding diameter would be between 4 and 5 nm.
Conclusion
The results concerning the nano-structure of the cement C-S-H gel published so far in technical literature together with the results of the present study lead us to the opinion that nano-metric particles of 4 -5 nm in diameter might be considered as basic building blocks of cement gel. The outstanding feature of the particles is their structural stability [1] , which is capable of withstanding rearrangements of the volume fractal structure during variations of water content or very non-standard hydration conditions (deuteration, a wide extent of w/c ratios, and equilibration at very low humidity). Their capability to keep inner integrity in the course of regrouping movement suggests the idea that the forces ensuring their inner stability (internal forces) must be stronger than those between particles themselves (external forces). It might be hypothesized that the inter-particle external forces are likely of the van der Waals types, which represent weaker binding forces, whereas the internal forces are probably of chemical types, which represent strong stable bonds. Such a concept might satisfactorily explain the behaviour of the particles during shrinkage or swelling of the volume gel structure. The present research, however, was not focused on the internal structure of the gel nano-particles. On the basis of today's research knowledge this question is unlikely to be answered thoroughly, although some attempts to describe the inner structure of the nano-particles have recently been published [13] . In conclusion several main results can be summarised as follows:
(i) The SANS study of structural stability of nano-metric particles of the C-S-H gel has been performed within an extremely wide range of w/c ratios going from 0.4 to 1.4 with the step of 0.2.
(ii) Despite the non-standard hydration conditions (D 2 O mix, wide range of w/c ratios, equilibration at 30% RH), high structural stability of the nano-metric particles of the cement C-S-H gel has been observed.
(iii) Due to the high mechanical stability of the gel nanoparticles, their average diameter might be used as one of the possible microscopic characteristics of the C-S-H gel nano-structure.
(iv) For the investigated cement CEMI 42.5 R-SC an average diameter ≈ 4 2 nm for the gel nano-particles has been determined.
(v) The stochastic arrangement of cement C-S-H gel requires multi-sample measurements when analyzing its structure, otherwise a large statistical uncertainty may compromise the results.
